Obesity represents a risk factor for certain types of cancer. Leptin, a hormone predominantly produced by adipocytes, is elevated in the obese state. In the context of breast cancer, leptin derived from local adipocytes is present at high concentrations within the mammary gland. A direct physiological role of peripheral leptin action in the tumor microenvironment in vivo has not yet been examined. Here, we report that mice deficient in the peripheral leptin receptor, while harboring an intact central leptin signaling pathway, develop a fully mature ductal epithelium, a phenomenon not observed in db/db mice to date. In the context of the MMTV-PyMT mammary tumor model, the lack of peripheral leptin receptors attenuated tumor progression and metastasis through a reduction of the ERK1/2 and Jak2/STAT3 pathways. These are tumor cell-autonomous properties, independent of the metabolic state of the host. In the absence of leptin receptor signaling, the metabolic phenotype is less reliant on aerobic glycolysis and displays an enhanced capacity for ␤-oxidation, in contrast to nontransformed cells. Leptin receptorfree tumor cells display reduced STAT3 tyrosine phosphorylation on residue Y705 but have increased serine phosphorylation on residue S727 , consistent with preserved mitochondrial function in the absence of the leptin receptor. Therefore , local leptin action within the mammary gland is a critical mediator , linking obesity and dysfunctional adipose tissue with aggressive tumor growth. (Am J
Breast cancer is the most common cancer among women in the United States and the second leading cause of cancer death in women according to the annual report of American Cancer Society. Large-scale epidemiological studies have demonstrated that obesity increases the risk of developing cancers in several different tissues, including endometrium, colon, kidney, and postmenopausal breast cancer. Furthermore, obesity has shown to be associated with a high rate of recurrence and a poor survival rate. 1, 2 Hyperinsulinemia, an increase in insulin-like growth factors, or dysregulation of steroid hormones observed in obese individuals have all been suggested as possible mechanisms that link obesity and cancer risk. [1] [2] [3] More specifically, adipose tissue derived signaling molecules, including adipokines and matrix proteins, are emerging as key candidate molecules linking obesity to cancer. 4 -6 We have previously demonstrated that adipocytes are highly active endocrine cells that secrete numerous factors, which can ultimately influence stromal-epithelial cell interactions within the mammary tumor microenvironment. 7 Since the ductal epithelium in the mammary gland is embedded in adipose tissue, adipocytes represent a prominent cell-type in this stromal environment, affecting the growth and survival of transformed mammary epithelial cells in multiple ways. This stromal microenvironment in the mammary gland is altered in obese individuals, with a general increase in the inflammatory state; this may offer a more amenable overall environment for tumor growth. However, specific target molecules and defined molecular mechanisms that delineate the link between dysregulated adipose tissue metabolism, and the risk of cancer development, remain largely unknown.
Leptin is a multifunctional hormone produced by adipose tissue that is predominantly involved in the regulation of food-intake and energy homeostasis through its central actions. 8 Although leptin receptors are most abundantly expressed in the brain, they are also present in several peripheral tissues, including the liver, skeletal muscle, pancreatic ␤-cells, and adipose tissues. Therefore, in addition to central functions, leptin is postulated to exert peripheral actions, with several studies documenting associations with the immune response, angiogenesis, reproduction, signaling pathways of growth hormones, and lipid metabolism pathways. 9, 10 Furthermore, a number of reports indicate that leptin receptor levels are increased in mammary carcinoma tissues relative to benign or normal tissues. 11, 12 Elevated leptin levels in obese individuals have been implicated as a risk factor for breast cancer. However, there is still no clear-cut picture emerging from epidemiological studies with respect to circulating leptin levels and the risk of breast cancer incidence at present. 13 Despite several observations obtained from in vitro cell-line experiments, human biopsy studies, and epidemiological correlations that suggest an involvement of leptin in mammary tumorigenesis, the use of genetic animal models to ascertain the direct physiological function of leptin in cancer biology remains to be evaluated. Functional leptin or leptin receptor deficient mouse models, such as ob/ob or db/db, are not suitable models to address the functional role that leptin plays in obesity-associated cancers in general, or specifically in mammary tumorigenesis; these mice suffer from defective development of the ductal epithelium, and as a consequence, lack such structures. In light of this, a recent report by Chua and colleagues 14 indicated that reconstitution of leptin receptor signaling in neurons of db/db mice, through transgenic overexpression of the leptin receptor, completely rescues the metabolic phenotype commonly displayed in db/db mice. To further corroborate this, we demonstrate that these mice fully restore their development of the ductal epithelium. The observations reported here are the first in vivo experiments to highlight the role of peripheral leptin signaling in breast cancer progression. To achieve this conclusion, we crossed the brain-specific long form of leptin receptor (NseLEPR-B) transgenic mouse into the background of a mammary tumor mouse model (MMTV-PyMT: mouse mammary tumor virus-polyoma virus middle T antigen). Consequently, we provide strong in vivo evidence for a novel local paracrine function of peripheral leptin within the mammary gland; such observations ultimately implicate leptin as a major player in mammary tumor development.
Leptin receptor-mediated pathways effectively support Ras-and phosphatidylinositol 3-kinase (PI3K)-dependent pathways of tumorigenesis, which result in an enhanced level of tumor progression and metastasis; the latter includes a higher rate of proliferation, anti-apoptosis, and increase in an aerobic glycolytic capacity. In light of this, our results demonstrate that obese, dysfunctional adipose tissue, in the stroma of a mammary gland, has the capability to bestow tumor cells with severe progressive and metastatic properties. We therefore propose that such detrimental characteristics develop through a paracrine leptin receptor-mediated pathway. Leptin is therefore a key candidate that may link obesity to more aggressive tumor phenotype. Collectively, our data suggest that local leptin levels may play a major role in tumor progression within the mammary gland, and as such, leptin receptor-based pathways may serve as valuable therapeutic targets for tumors in obese patients with breast cancer.
Materials and Methods

Animal Experiments
All animal experiments were approved by the Institutional Animal Care and Research Advisory Committee at the University of Texas Southwestern Medical Center. Mice were housed in a temperature-controlled environment with 12-hour light/dark cycles and fed standard rodent chow. Animals were euthanized by carbon dioxide asphyxiation followed by cervical dislocation. Tissue samples and serum for leptin, insulin, and glucose determinations were collected when mice were sacrificed. In live animals, serum was collected by nicked tail vein bleeding. For fasted serum glucose measurements, mice were fasted for overnight and measured serum glucose level by tail vein bleeding. Serum leptin and insulin were determined by using an enzyme-linked immunosorbent assay kit ( Nse/Ϫ male and female mice. Quantitative RT-PCR was used to determine genotype of heterozygous and homozygous of NseLEPR-B transgene. All mice used in this study are in a FVB pure background.
Quantitative RT-PCR
Total RNA was isolated following tissue homogenization in Trizol (Invitrogen, Carlsbad, CA) using a TissueLyser (Qiagen, Valencia, CA) and isolated using the RNeasy kit (Qiagen). Total RNA (1 g) was reverse transcribed with SuperScript III reverse transcriptase (Invitrogen). Quantitative real-time PCR was performed in the Roche Lightcycler 480 (Roche, Indianapolis, IN). For all quantitative real-time PCR experiments, the results were calculated by using the ⌬⌬Ct method using ␤-actin to normalize. Primer sequences used in this study are listed: LEPR-B, sense-5Ј-GGTTGGAT-GAGCTTTTGGAA-3Ј, antisense-5Ј-TCCTGGAGGATCCT-GATGTC-3Ј; ␤-Actin, sense-5Ј-CCACACCCGCCACCAGT-TCG-3Ј, antisense-5Ј-TACAGCCCGGGGAGCATCGT-3Ј.
Whole Mount Staining
Inguinal mammary glands were excised, spread onto glass slides, and fixed in 70% methanol and 25% acetic acid for 3 hours at room temperature. Specimens were hydrated with descending grades of ethanol (100%, 80%, and 70%, two times for 5 minutes each) and rinsed with distilled water. Whole mount staining was performed with carmine alum (Sigma Aldrich, St. Louis, MO) in the dark overnight. After washing with 70%, 80%, and 100% EtOH two times for 5 minutes each, slides were incubated with xylene overnight to dissolve the fat pad. Images were acquired by using the Nikon Cool Scope and analyzed for ductal epithelium growth and tumor area by using Image J software (National Institutes of Health, Bethesda, MD).
Analysis of Tumor Progression and Lung Metastasis
Tumor onset was monitored twice weekly by palpation. Tumor sizes were measured with a digital caliper twice a week, and the volume was calculated as (length ϫ width 2 )/2. Inguinal tumors were weighted to determine tumor burden. Animals were sacrificed when the tumor burden visibly affected the host or when the tumors reached the Institutional Animal Care and Use Committee (IACUC) set limit of 20 mm along one axis. Metastasis was determined by histological analysis with H&E stained lung tissues.
Immunochemistry
Formalin-fixed paraffin-embedded tissue sections were used for immunostaining. Deparaffinized tissue slides were stained with the following primary antibodies: rabbit polyclonal against pSTAT3 (Y705; Cell Signaling, Danvers, MA), pSTAT3 (S727; Cell Signaling), pAkt (Santa Cruz Biotechnology, Santa Cruz, CA), CyclinD1 (Santa Cruz), mouse monoclonal COXIV (Abcam, Cambridge, MA), and rat monoclonal Ki-67 (Dako Cytomation, Glostrup, Denmark). For immunofluorescence, fluorescence labeled secondary antibodies were used and counterstained with 4Ј,6-diamidino-2-phenylindole (DAPI). Images were acquired by using the Leica confocal microscope (Leica, Wetzlar, Germany) and analyzed with Image J software. For immunohistochemistry, the reaction was visualized by the DAB Chromogen-A system (Dako Cytomation) and counterstained with hematoxylin. Images were acquired by using the Nikon Cool Scope. Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay was followed by the manufacturer's protocol (R&D Systems, Minneapolis, MN).
Primary Culture of Mammary Tumor Cells
To isolate primary tumor cells, tumor tissues were excised from female mice and minced by using a razor blade in PBS. Tumors were incubated with collagenase type III (1.25 mg/ml) and hyaluronidase (1 mg/ml) for 2 hours at 37°C. Cell suspension was centrifuged at 1000 g for 10 minutes, and pellets were incubated with 0.25% trypsin for 10 minutes at 37°C. The cell suspension was centrifuged at 1000 g for 10 minutes, and pellets were incubated with DNaseI (20 U/ml) for 10 minutes at 37°C; cell pellets were washed with PBS containing 5% serum. Cells were seeded into culture dishes in growth medium, Dulbecco's modified Eagle's medium (Mediatech, Inc., Manassas, VA) containing 10% fetal bovine serum (Gemini, Bio-Product, West Sacramento, CA) after passing through a 40-m nylon filter (Fisher, PA). Freshly isolated cells were used in this study.
Transplantation of Tumors
For tumor tissue transplantation, mammary tumor tissues were excised from donor mice and minced into small fragments (1 to 2 mm in diameter) in ice-cold PBS with a razor blade. Recipient animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and a small abdominal skin incision was made to explore the inguinal mammary fat pad where a tumor piece was transplanted. Mammary epithelial tumor (MET) cells were transplanted at donor mice by intraductal injection. Tumor growth was monitored once a week starting 2 weeks after transplantation.
Immunoblotting
Total cell extracts were extracted in NETN buffer (150 mmol/L NaCl, 5 mmol/L EDTA, 50 mmol/L Tris-HCl pH 7.6, and 0.1% NP40 contains protease inhibitor and phosphatase inhibitor [Roche] ). Proteins were separated on a 4% to 12% Bis-Tris gel (Invitrogen) and transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA). STAT3, pSTAT3, Akt1, pAkt, ERK, pERK, CyclinD1, Bcl-xl, and ␤-actin were used as primary antibodies. The primary antibodies were detected with secondary IgG-labeled with infrared dyes emitting at 700 and 800 nm (Licor Bioscience, Lincoln, NE) and visualized on the Licor Odessey Infrared Scanner (Licor Bioscience). The scanned results were analyzed by using the Odessey v2.1 software (Licor Bioscience).
Analysis of Mitochondrial Function
Mitochondria oxygen consumption rate (OCR) and glycolysis was measured by using the XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA) following the manufacturer's protocol. Primary cultured mammary epithelial tumor cells (60,000 cells/well) were used as described in the experiments.
Statistical Analyses
Values are presented as mean Ϯ SEM. Significant differences between mean values were evaluated by using two-tailed, unpaired Student's t-test when two groups were analyzed or two-way analysis of variance for three or more groups as appropriate with GraphPad Prism v.5 software (GraphPad Software, Inc., La Jolla, CA). Interactions between factors were tested for two-way analysis of variance.
Functional Blood Vessel and Hypoxyprobe Stain
To assess functional blood vessels formation and the hypoxic regions in tumor tissues, mice were injected with biotinylated tomato-lectin (100 g, i.v.; Vector Laboratories, Burlingame, CA) and pimonidazole (60 mg/kg, i.p.; Hypoxyprobe-1 plus, Chemicon International, Temecula, CA) as described in a previous report. 16 The lectin was visualized by a Cy3-labeled streptoavidin and the hypoxyprobe was visualized by following the manufacturer's protocol.
Gene Expression Profiling
Total RNA was extracted from tumor tissue at 12-weekold PyMT and PyMT/db/db Nse/Nse (n ϭ 12 per group).
Microarray experiments were performed by University of Texas Southwestern Medical Center microarray core facility. Mouse Illumina Bead Array platform (47K array; Illumina, Inc., San Diego, CA) were used in this study. Gene lists and cluster analyses of the data sets were performed by using Ingenuity pathway software (Ingenuity Systems, Redwood City, CA) and David Bioinformatics Resource (http://david.abcc.ncifcrf.gov/, last accessed January 29, 2010).
Results
LEPR-B Levels Are Significantly Increased in Mammary Tumor Tissues in MMTV-PyMT Mice
We examined leptin and long form of leptin receptor (LEPR-B) expression levels, in addition to circulating leptin levels in a murine MMTV-PyMT mammary cancer model (PyMT), a transgenic mouse model that expresses the polyoma virus middle-T antigen under the control of a mouse mammary tumor virus promoter. Consistent with previous data obtained by using cell-lines and human biopsies, we show that LEPR-B mRNA levels are massively up-regulated (by 10-fold) in mammary tumor tissues, when compared with adipose tissue of PyMT mice within the same glands, or with mammary glands of wildtype littermates at 12 weeks of age ( Figure 1A ). In contrast, hypothalamic LEPR-B levels were comparable between wild-type and PyMT mice, therefore suggesting that mammary tumorigenesis is primarily affected by peripheral leptin signaling within the transformed ductal epithelial cells (see supplemental Figure 1A at http://ajp.amjpathol.org). During tumor progression, both circulating levels of leptin and expression levels of leptin Nse/Nse and db/db females. C: Quantitative measurement of ductal epithelium growth during mammary gland development. The length from the nipple to the three far reaching ductal epithelium and to the edge of the fat pad was measured from whole mount preparations of WT (n ϭ 4 to 6 per group), db/db Nse/Nse (n ϭ 10 to 17 per group), and db/db (n ϭ 3 per group). Ductal epithelium growth is corresponded to the ductal epithelium length as percentage of the fat pad. Measurements were quantified by using Image J. Results are represented as mean Ϯ SEM. ***P Ͻ 0.001 versus WT, by two-way analysis of variance (no-matching).
in epididymal adipose tissues were shown to be unaffected by the presence of a tumor. In the later stages of tumor development, however, a moderate decrease in leptin levels was evident in PyMT mice, due to a reduction in their body fat mass (see supplemental Figure 1 , B and D, at http://ajp.amjpathol.org). However, in mammary adipose tissue, a significant decrease in leptin mRNA levels were observed between PyMT mice, in comparison to their wild-type littermates; this is consistent with a reduction in local adipose tissue mass during tumor progression (see supplemental Figure 1C at http://ajp.amjpathol.org). Although it is established that leptin is largely produced in adipocytes, in light of this, we noted that leptin mRNA levels within mammary tumors were significantly lower than in corresponding mammary adipose tissues (see supplemental Figure 1C at http://ajp.amjpathol.org). Such observations are consistent with the existence of a very active paracrine loop in the mammary tumor microenvironment involving leptin signaling.
LEPR-B Reconstitution in Neurons Is Sufficient to Restore Mammary Gland Development in db/db Mice
Most primary breast tumors originate from mammary ductal or intraductal epithelial cells. Genetically, leptin or leptin receptor deficient mouse models, such as ob/ob or db/db, are hypogonadal and have structural and functional defects of mammary gland development. Such defects include impairments in ductal epithelial growth, alveolar formation, milk production, the onset of involution, and fertility. 17 Therefore, ob/ob and db/db mice exhibit only remnant ductal epithelial growth and do not develop tumors when bred into mammary cancer mouse models. 18, 19 Despite several attempts using various mouse models to examine the impact that leptin has on mammary tumor progression, to date, there is very limited evidence to support the physiological role of leptin in mammary tumorigenesis. However, brain-specific LEPR-B transgenic mice in a db/db background (that we refer to as "db/db NseLEPR-B" mice) manifest a normalized metabolic phenotype when compared with db/db mice; more specifically, the former are lean, nondiabetic, and fertile. 14, 20 Such metabolic improvements are more pronounced in homozygous transgenic mice (db/db Nse/Nse ) in comparison with hemizygous transgenic animals (db/db Nse/Ϫ ). 14, 21 To evaluate whether db/db Nse/Nse mice have the capacity to fully develop mammary gland, we determined the length of ductal epithelium growth and subsequent branching structure. Mammary gland development was slightly delayed in db/db Nse/Nse mice ( Figure 1B) ; however, it achieved approximately 90% of the values observed for wild-type mice at 16 weeks of age, whereas db/db mice showed a complete deficiency of ductal epithelial development at all ages ( Figure 1C ). These results highlight that the db/db Nse/Nse mouse is an excellent model to study the physiological roles of peripheral leptin signaling on mammary tumorigenesis within the local tumor microenvironment.
Peripheral LEPR-B Deficiency Attenuates Tumor Growth and Metastasis in MMTV-PyMT Mice
To investigate the contribution that leptin receptor-mediated signaling has on mammary tumorigenesis, we introduced homozygous db/db Nse/Nse transgenic mice into the PyMT, thus generating peripheral LEPR-B mutants (PyMT/db/db Nse/Nse ), along with control littermates (PyMT) in the background of MMTV-PyMT. Initially, although PyMT/db/db Nse/Nse mice exhibited a moderate increase in whole-body weight gain in comparison with PyMT mice, body weights eventually became comparable in the later stages of tumorigenesis due to the tumor burden in PyMT mice (see supplemental Figure 1E at http://ajp.amjpathol.org). Both PyMT and PyMT/db/db Nse/Nse mice displayed the expected changes in circulating leptin levels and insulin levels within a narrow range, and further managed to maintain glucose at euglycemic levels comparable with that of wild-type FVB mice. The latter observation suggests that the metabolic differences between PyMT and PyMT/db/db Nse/Nse mice do not necessarily result in an obese or diabetic phenotype (see supplemental Figure 1 , F-H, at http://ajp.amjpathol.org).
To explore the effects that leptin receptor-mediated signaling has on early tumorigenic events, using whole mount preparations, we assessed PyMT-induced neoplastic lesion areas in inguinal mammary glands obtained from 6-to 10-week-old aged-matched PyMT and PyMT/ db/db Nse/Nse mice ( Figure 2, A and B) . At 10 weeks of age, a 2.4-fold reduction in neoplastic lesion area in the PyMT/db/db Nse/Nse mice, when compared with PyMT controls, was clearly evident ( Figure 2B ). Such a decrease in neoplastic lesion size in the early stages of tumor progression is further reflected in the H&E stains of primary tumor growth in the PyMT/db/db Nse/Nse mice compared with PyMT mice ( Figure 2C ). As shown in Figure 2D , tumor volume of inguinal mammary tumor (as determined by caliper measurements) started to differ dramatically between PyMT and PyMT/db/db Nse/Nse in 12-to 13-week-old mice. The rate of tumor growth in PyMT/db/db Nse/Nse was markedly reduced by approximately twofold, in comparison with PyMT mice (as determined by linear regression analysis; 122.3 Ϯ 14.8 for PyMT versus 55.47 Ϯ 4.7 for PyMT/db/db Nse/Nse , P Ͻ 0.001; Figure 2D ). Consistently, the weight (in grams) of these inguinal tumors was shown to be dramatically lower in PyMT/db/db Nse/Nse mice when compared with PyMT mice at 16 weeks of age ( Figure 2E ).
We determined metastatic growth by histological analysis of H&E-stained pulmonary tissues by counting the incidence of pulmonary metastasis in PyMT/db/db Nse/Nse compared with PyMT during tumor progression (Figure 2, F and  G) . The number of metastatic lesions was observed to be significantly lower in PyMT/db/db Nse/Nse mice compared with PyMT mice at 16 weeks of age ( Figure 2F ). PyMT mice presented the median survival (50% of mice are free of metastasis) at around 15 weeks of age, whereas those in PyMT/db/db Nse/Nse mice were at 17 weeks suggesting that LEPR-B deficiency causes significant delay of pulmonary metastasis ( Figure 2G ). We further observed no significant 6 differences in the degree of hypoxia, angiogenesis, and lymphangiogenesis, as determined by immunostaining with a hypoxia probe, a blood vessel marker (CD31), blood vessel density (lectin), a lymphatic vessel marker (podoplanin), or by measuring mRNA levels for angiogenesis and lymphangiogenesis (see supplemental Figure 2 , A-E, respectively, at http://ajp.amjpathol.org). Therefore, angiogenesis was shown to occur normally, and a similar degree of hypoxic conditions was evident in both PyMT/db/db Nse/Nse and PyMT mouse models. It is also important to note that angiogenesis can occur normally despite a decrease of leptin receptor-mediated signaling, which is well established as a pro-angiogenic pathway. 22, 23 One reason for this occurrence may be that in PyMT/db/db Nse/Nse mice, the PI3K pathway remains highly activated; this may be a crucial determinant in tumor angiogenesis, cooperating with PTEN through regulation of HIF1␣ and vascular endothelial growth factor expression. 24 Taken together, we conclude that LEPR-B mediated-signaling is a requirement for efficient tumor progression and pulmonary metastasis in our model of PyMT-driven Ras-and PI3K-dependent tumorigenesis in vivo.
LEPR-B-Mediated Activation of the ERK1/2 and STAT3 Pathways Is Attenuated in PyMT/db/db
Nse/Nse Mice Leptin induces cell proliferation in a number of breast cancer cell lines, along with improvements in survival, enhanced invasion, and angiogenesis. These effects are primarily achieved through activation of that LEPR-B that consequently stimulates Jak2/STAT3, ERK1/2, and PI3K pathways. [25] [26] [27] The MMTV-PyMT mammary tumor mouse model undergoes distinct stages of tumor progression and metastasis under the control of Ras-and PI3K-dependent tumorigenesis, activated by PyMT (polyoma virus middle T antigen). 28, 29 To explore the molecular mechanisms of LEPR-B-mediated mammary tumor progression, we analyzed the downstream pathways of the 
A: Representative whole mount preparations of inguinal mammary gland from 12-week-old PyMT and PyMT/db/db
Nse/Nse mice. B: The neoplastic lesion area was quantified in 6, 8, and 10 weeks of age PyMT (n ϭ 6 per each group) and PyMT/db/db Nse/Nse mice (n ϭ 4 to 6 per each group) by using Image J. Results are represented by mean Ϯ SEM. **P Ͻ 0.01 versus PyMT by two-way analysis of variance (no-matching). C: Histological analysis of whole mammary tumor tissues from PyMT and PyMT/db/db Nse/Nse mice during tumor progression. Represented images were H&E-stained mammary tumor tissues. Scale bar represents 200 m. D: Tumor volume was determined by weekly caliper measurements from PyMT (n ϭ 12) and PyMT/db/db Nse/Nse (n ϭ 15) females. Four PyMT mice were terminated before end of the experiment due to extensive tumor burden at 14 weeks of age. Total tumor volumes are represented by mean Ϯ SEM. ***P Ͻ 0.001 versus PyMT by two-way analysis of variance (no matching). Linear regression analysis was performed with PyMT and PyMT/db/db Nse/Nse mice from 12 weeks to 16 weeks of age. Results are represented in the graph. E: The weights of inguinal tumors were determined from PyMT (n ϭ 8 and n ϭ 4 per group, respectively) and PyMT/db/db Nse/Nse mice (n ϭ 12 and n ϭ 4 per group, respectively) from 12 to 16 weeks of age. ***P Ͻ 0.001 versus PyMT by two-way analysis of variance (no matching). F: Pulmonary metastasis was assessed by H&E stain of lung tissues from PyMT and PyMT/db/db Nse/Nse mice at 16 weeks of age. Whole lung tissue images are presented in the upper panel, and those in higher magnification are shown in the bottom panel. Scale bar represents 200 m, and arrows indicate metastatic area. G: The ratio of pulmonary metastasis was determined from 8-to 17-week-old PyMT and PyMT/db/db Nse/Nse mice (n ϭ 30 to 32 per groups). Graph is represented by percentage of mice that have free metastasis. Survival curve was analyzed with a Log-rank test, P ϭ 0.0036 versus PyMT.
3138 Park et al AJP December 2010, Vol. 177, No. 6 LEPR-B, such as PI3K, ERK1/2, and Jak2/STAT3, and by immunohistochemistry and immunoblottings we compared tumor tissues from PyMT/db/db Nse/Nse mice with tissues from PyMT mice at 13 weeks of age. The PI3K pathway, as judged by the phosphorylation state of Akt, was no significantly different between the two groups ( Figure 3, A and F) , whereas the degree of ERK1/2 activation was moderately decreased ( Figure 3F ). Furthermore, both the total levels of STAT3 and its activated form, pSTAT3 (Y705), were significantly decreased in PyMT/db/db Nse/Nse mice when compared with PyMT mice (Figure 3 , B and F); this may occur as a consequence of a lowered positive feedback mechanism regulated by STAT3 itself. 30 These results therefore indicate that PyMT initiated tumorigenesis can activate PI3K but fails to fully activate the STAT3 and ERK1/2 pathways in the absence of a LEPR-B signaling system.
It is well established that constitutive activation of the STAT3 pathway is required for tumor cell proliferation, survival, angiogenesis, and metastasis, as well as tumor immune suppression in various types of cancers. [31] [32] [33] Therefore, a decrease in STAT3, and the well-established mitogenic ERK1/2 pathway, could account for significant attenuation of tumor growth and pulmonary metastasis in PyMT/db/db Nse/Nse mice when compared with PyMT mice. Accordingly, we observed that the degree of cell proliferation was significantly lower in tumor tissues from PyMT/db/db Nse/Nse mice in comparison with PyMT mice, as judged by the intensity of cyclinD1 and Ki-67 immunostaining ( Figure 3 , C and D, respectively). In contrast, the level of cellular apoptosis was dramatically increased ( Figure 3E , "TUNEL"). Alternatively, several pSTAT3 target-genes that are responsible for cellular proliferation and the anti-apoptotic properties of cancer cells, 34 such as cyclinD1, c-myc, and Bcl-xl, were not significantly altered in tumor tissues from PyMT/db/db Nse/Nse mice (see supplemental Figure 3C at http://ajp.amjpathol.org). Collectively, these data suggest that the canonical Jak2/ STAT3 pathway for primary tumor growth can be completely compensated for by a Ras-and PI3K-dependent The bottom panels of (B) pSTAT3 and (E) TUNEL represent higher magnification images for the squared boxes in the upper panels. F: Phosphorylation states of STAT3, Akt, and ERK1/2 as well as cyclinD1 and Bcl-xl were determined by immunoblotting. Results were normalized with ␤-actin and quantification values are represented as mean Ϯ SEM (n ϭ 3 per each group). **P Ͻ 0.01 versus PyMT; *P Ͻ 0.05 versus PyMT by t-test. 2010, Vol. 177, No. 6 tumorigenic pathway in PyMT/db/db Nse/Nse mice. This result further reminds us that Ras-dependent tumorigenesis is less dependent on the canonical pSTAT3 pathway in vitro. 35 Similarly, a STAT3-deficient MMTV-ErbB2 driven mammary tumor model develops primary tumors at a rate similar to wild type mice but displays dramatically attenuated pulmonary metastasis in vivo. 36 Therefore, we conclude that ERK1/2 and/or noncanonical STAT3 pathways are responsible for a decrease in tumor growth in PyMT/ db/db Nse/Nse mice rather than the canonical pSTAT3 pathway involving STAT3 as a transcription factor. Nevertheless, the decrease in canonical pSTAT3 pathway signaling in PyMT/db/db Nse/Nse mice may explain the significant differences in pulmonary metastasis shown here (Figure 2, F and G) ; this is consistent with previous in vivo observations. 36 To further address the molecular mechanisms underlying the physiological role of LEPR-B-mediated pathways on mammary tumor progression, we subjected tumor tissues to microarray analysis. Surprisingly, gene sets related to mitochondrial function and extracellular matrix components were differentially affected between two groups. Most other pathways were quite comparable between the two groups, including pSTAT3 target genes (see supplemental Figure 3 
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LEPR-B Deficient Tumor Cells Have a Higher Capacity for Mitochondrial Respiration
The results above prompted us to examine the mitochondrial function of tumor cells in the PyMT/db/db Nse/Nse mice more closely with respect to cancer cell metabolism. Generally, tumor cells display a high metabolic rate of glucose uptake and lipid synthesis compared with nontransformed cells, which enables them to generate new cellular building blocks effectively to support their massive rate of proliferation. 37, 38 From a metabolic perspective, leptin is a catabolic factor driving lipid consumption and repressing de novo triglyceride synthesis through the action of its receptor in both central and peripheral tissues. 10 However, the impact of leptin signaling on tumor cell metabolism is poorly understood. We therefore ask, what are the consequences in a lack of leptin receptor-mediated signaling on tumor cell metabolism in PyMT/db/db Nse/Nse mice? To address this question, we first compared mRNA levels of genes responsible for glucose metabolism, lipogenesis and ␤-oxidation, in addition to mitochondria encoded genes, such as ATP synthase (ATP6, ATP synthase F 0 subunit 6) and Complex IV (COX1 and COXIII, cytochrome c oxidase subunit 1 and 3) comprising components of both mitochondrial electron transport chain and nuclear encoded mitochondrial genes, such as NRF1 (nuclear respiratory factor-1), in tumor tissues from PyMT/db/db Nse/Nse and PyMT at 13 weeks. However, these genes were not significantly altered by an absence of the LEPR-B (see supplemental Figure 3C at http://ajp.amjpathol.org).
To further investigate any potential differences at the functional level, we directly analyzed mitochondrial function within mammary tumor epithelial cells ("METs") derived from PyMT and PyMT/db/db Nse/Nse mice. We used tumor tissues with a comparable degree of progression in 13-week-old PyMT and 16-week-old PyMT/db/db Nse/Nse mice to rule out metabolic differences due to the different tumor stages at comparable ages between the two genotypes. We determined the capacity of ␤-oxidation of lipids in tumor cells with or without LEPR-B to assess whether LEPR-B-mediated signaling was required for tumor cell metabolism in the context of an obese lipid-rich metabolic environment. Interestingly, the level of free fatty acid-stimulated mitochondrial respiration, as judged by OCR (pmoles/min), was significantly increased in LEPR-B Ϫ cells relative to LEPR-B ϩ cells ( Figure 4A) . A comparison of the ratio of OCR versus extracellular acidification rate (ECAR; mpH/min; ECAR reflecting glycolysis) revealed that LEPR-B Ϫ MET cells efficiently used mitochondrial oxidative phosphorylation to metabolize free fatty acids, a phenomenon clearly absent in LEPR-B ϩ MET cells ( Figure 4B ). We also determined the response of mitochondrial respiration and glycolysis on exposure to a mitochondrial membrane potential uncoupling agent (2,4-DNP, 100 mol/L), which generally increases overall cellular metabolism, to trigger a rise in both OCR and ECAR. In the LEPR-B ϩ MET cells, the glycolytic rate was efficiently increased in response to the uncoupling agent when compared with the LEPR-B Ϫ cells. In contrast, mitochondrial respiration was higher in LEPR-B Ϫ cells ( Figure 4C ). This data suggest that LEPR-B Ϫ cells preferentially increase mitochondrial respiration rather than increase glycolysis to balance their energy production. Subsequent addition of a mitochondrial complex-I inhibitor (rotenone, 100 nmol/L) elicited a rapid decrease of OCR in both cells due to an inhibition of the mitochondrial electron transport chain. In contrast, ECAR remained higher in LEPR-B ϩ cells when compared with LEPR-B Ϫ cells, reflecting the reduced capacity of LEPR-B Ϫ cells to use glycolysis to generate ATP in the context of reduced mitochondrial respiration ( Figure 4C ). These results strongly suggest that LEPR-B mediated signaling is required to support cancer cell metabolism in mammary tumor cells to enable the cells to use aerobic glycolysis ("Warburg effect"), while suppressing the cells' capacity to perform lipid ␤-oxidation. Interestingly, these observations in tumor cells are in stark contrast to the metabolic effects of leptin in nontransformed cells. In nontransformed cells, leptin enhances ␤-oxidation. Therefore, to examine whether LEPR-B-mediated metabolic effects on tumor cells are leptin-dependent or leptin-independent, both MET celltypes were pre-incubated for 24 hours with leptin (1 nmol/L), and OCR was subsequently measured. A leptin-mediated increase of OCR was quite limited in both MET cells (data not shown), suggesting that the efficacy of leptin-mediated mitochondrial respiration in tumor cells plays a very minor role. Taken together, we conclude that metabolic perturbations caused by LEPR-B deficiency lead to an unfavorable metabolic status in tumor cells.
Mitochondrial pSTAT3 (S727) Signaling Is Associated with a Higher Capacity of Mitochondrial Respiration in LEPR-B Deficient Tumor Tissues
To identify the molecular links between LEPR-B signaling and tumor cell metabolism, we firstly focused on the LEPR-B-mediated STAT3 pathway that we had previously shown to be significantly lower in tumor tissues from PyMT/db/db Nse/Nse ( Figure 3F ). The cellular localization and phosphorylation status of STAT3 is crucial for its diverse cellular functions. 39 A recent study documented that a noncanonical STAT3 pathway was mediated through mitochondrial pSTAT3 (S727). 35, 40 The authors of this study proposed a tight correlation between the level of pSTAT3 (S727) and mitochondrial oxidative respiration. In light of this, the precise functional role of mitochondrial pSTAT3 signaling in mammary tumorigenesis remains to be elucidated. We therefore investigated the subcellular localization and phosphorylation status of STAT3 in tumor tissues derived from PyMT/db/db
Nse/Nse and PyMT mice by immunostaining with antibodies for pSTAT3 (S727), pSTAT3 (Y705), and cytochrome c oxidase (ComplexIV, COXIV, used here as a mitochondria marker). Overall, the amount of pSTAT3 (S727) was considerably higher in PyMT/db/db Nse/Nse tissues when compared with PyMT tissues (Figure 4, D and E) . The staining was shown to overlap the signal of COXIV (Figure 4 , F and G), thus reflecting an increase in the level of mitochondrial pSTAT3 (S727) in LEPR-B deficient tumor tissues. This is consistent with the postulated positive role that pSTAT3 (S727) exerts on mitochondrial oxidative respiration 35, 40 as shown in Figure  4 , A and B. On the other hand, pSTAT3 (Y705) was significantly decreased in PyMT/db/db Nse/Nse tissues when compared with PyMT tissues (Figure 4 , H and I). pSTAT3 (Y705) is predominantly localized within the nucleus, rather than the cytosol or mitochondria (Figure 4, J and K) . This suggests that the action of pSTAT3 (Y705) as a transcription factor is attenuated in the absence of LEPR-B. We therefore report an inverse correlation between pSTAT3 (Y705) and pSTAT3 (S727) in mammary tumor tissues in response to LEPR-B deficiency. The increased mitochondrial pSTAT3 (S727) in PyMT/db/ db Nse/Nse is triggered by a LEPR-B independent pathway. Consistent with that, we fail to see leptin-mediated increases of pSTAT3 (S727) in wild-type tumor cells; however, we easily observe pSTAT3 (Y705) under these conditions (data not shown). The defined molecular mechanism and the kinase responsible for the phosphorylation of pSTAT3 (S727) remain to be identified.
Tumor Growth Is Faster in a High Leptin Environment whereas LEPR-B Deficient Tumor Displays Delayed Progression
We finally wanted to establish whether LEPR-B-mediated signaling accelerates mammary tumor progression in a cell autonomous fashion, independent of the metabolic state of the mouse, which may slightly differ in between the two genotypes. MET cells or intact tumor tissues with or without leptin receptor were therefore transplanted into recipient mice (either db/db Nse/Nse or their control littermates). After transplantation of the equivalent number of LEPR-B ϩ and LEPR-B Ϫ MET cells into wild-type mice, tumor progression was monitored ( Figure 5A ). The growth rate of LEPR-B Ϫ cells was significantly attenuated, relative to LEPR-B ϩ MET cells ( Figure 5A Figure 5B ). The growths of LEPR-B-tumors were dramatically attenuated under both normal and high leptin conditions compared with LEPR-B ϩ tumors ( Figure 5B) . Furthermore, LEPR-B ϩ tumor growth was significantly enhanced under an elevated level of leptin environment ( Figure 5B) ; this suggests that the LEPR-B ϩ tumors are highly responsive to leptin and experience a potent growth stimulus under these conditions of constitutive elevation of leptin levels.
Discussion
In the context of an obese host, mammary adipose tissue supplies higher levels of leptin to the tumor microenvironment as a consequence of central leptin resistance. However, the direct relationship that obesity has on enhanced tumor progression through leptin will require further investigation. A key weakness in the epidemiological studies to date is the notion that circulating leptin levels may not necessarily act as a suitable indicator of the local leptin concentrations within the mammary gland. Our studies emphasize an intense paracrine cross talk along the leptin-axis between adipocytes and tumor cells; this implies that the local leptin levels within the mammary gland are much more relevant, albeit they are equally more difficult to assess.
Based on previous in vitro observations, leptin antagonists bear a high degree of promise as therapeutic targets in the treatment of breast cancers; however, there have been no in vivo studies that have examined their use in tumorgenesis before our report. In the PyMT mammary tumor model, leptin receptor levels are highly induced in tumor tissues with only minimal changes in circulating leptin levels during tumor progression. Leptin has been shown to activate PI3K, ERK1/2, and STAT3 pathways through the LEPR-B, pathways that are coordinately activated in tumor tissues to support growth and survival. Here, we identified that a functional LEPR-B deficiency in PyMT mice is sufficient to cause a defect in its downstream signaling events. In particular, components such as Jak2/STAT3 and ERK1/2 are affected in a model that spontaneously develops tumors through a Ras-and PI3K-dependent pathway mediated by the PyMT transgene. Constitutive activation of STAT3 and ERK1/2 are well-established key oncogenic stimuli, which sustain various cell-types for tumor progression and metastasis and further, mediate poor prognosis after cancer therapy. 41, 42 We determined that mammary tumor progression from hyperplasia to late carcinoma is significantly delayed in PyMT/db/db Nse/Nse mice when compared with PyMT mice, through a decrease in tumor cell proliferation accompanied with a dramatic increase in tumor cell apoptosis; the latter results from a decrease in signaling in the ERK1/2 and STAT3 pathways. The significant decrease of the STAT3 signaling pathway in PyMT/ db/db Nse/Nse mice can be accounted for by the dramatic 3142 Park et al AJP December 2010, Vol. 177, No. 6 attenuation of pulmonary metastasis, a phenomenon previously reported for STAT3-deficient MMTV-ErbB2 mice. 36 Here, we further demonstrated comparable levels of hypoxia, angiogenesis, and lymph angiogenesis in PyMT/db/db Nse/Nse mice. This could be a result of the PI3K pathway being actively involved in tumor angiogenesis in PyMT/db/db Nse/Nse mice, thus compensating for the attenuated STAT3 and ERK activity.
Since leptin is a key regulator of energy homeostasis in peripheral tissues, we evaluated leptin effects on tumor metabolism. Surprisingly, we found that LEPR-B deficient tumor cells can use mitochondrial ␤-oxidation to a greater extent than cells with intact LEPR-B. Why would tumor cells retain the mitochondrial ␤-oxidation pathway in PyMT/db/db Nse/Nse mice? One possible explanation is that tumor cells under hyperleptinemic (ie, "leptin resistant") conditions (observed frequently in obese subjects) attempt to use fatty acids as an energy source. 43, 44 However, a more plausible explanation for our observations may be that LEPR-B Ϫ tumor cells exhibit an enhanced propensity for ␤-oxidation in comparison to LEPR-B Taken together, we have established that LEPR-B-mediated downstream signaling is required for cell proliferation, survival, and metastasis, in addition to tumor cell metabolism involving an enhancement in the classically described Warburg effect. Under obese conditions, tumor cells face a microenvironment that exhibits high local leptin, which parallels an increase in stimulation of LEPR-B-mediated pathways; these include enhanced PI3K, ERK1/2, and STAT3 activation, which eventually accelerate tumor progression. Thus, leptin receptors have unique properties and orchestrate mammary tumor progression in vivo.
